Streptococcus mutans glucosyltransferases (GtfB, -C, and -D) and their products formed from sucrose, glucans, play an essential role in the pathogenesis of dental caries. Enzymatically active Gtf is found in whole human saliva (solution), and incorporated into the salivary pellicle that is formed on teeth in vivo (surface). GtfB glucans are predominantly 13-linked; however, surface-formed glucans from GtfB contain greater amounts of 3-linked glucose than glucans formed in solution. In contrast, the major linkage of glucans formed on the surface by GtfB in the presence of sucrose and starch hydrolysates is 4-linked glucose. GtfC-derived glucans in solution have a major linkage of 6-linked glucose, while surface-formed glucans from the same enzyme have 3-linked glucose as the major linkage. GtfD glucans formed either in solution or on the surface are predominantly 1,6-linked; however, surface-formed glucans contain more 6-linked glucose than solutionformed glucans. Digestion with the glucanohydrolases mutanase and dextranase shows differences in susceptibility among glucans formed either in solution or on the surface by each of the Gtf enzymes, and differences are also seen in the soluble end products from these digestions. Our results show that the same Gtf enzyme can form structurally distinct glucans in solution and on a surface. These observations are important in the study of naturally occurring microbial films.
Introduction
Glucans, synthesized from sucrose by the glucosyltransferases (Gtf) of Streptococcus mutans, have been recognized as virulence factors in the pathogenesis of dental caries (Hamada et al., 1984; Yamashita et al, 1993) . Gtf is present in whole human saliva and is incorporated into the initial salivary pellicle which forms on teeth. Glucans synthesized in the pellicle by Gtf can promote the selective adherence of the oral bacteria which colonize human teeth (Schilling and Bowen, 1992; Steinberg et al, 1993; Vacca-Smith et al., 1996b) , and play an essential role in the accumulation of plaque.
S.mutans contains at least three gtf genes that encode for Gtf enzymes: GtfB, GtfC, and GtfD. GtfD synthesizes primarily water soluble glucans from sucrose, while GtfB is responsible for the formation of insoluble glucans. GtfC synthesizes predominantly insoluble glucans and also significant amounts of soluble glucan (Loesche, 1986; Hanada and Kuramitsu, 1989) . Structural analyses of the glucans, formed by incubating streptococci culture filtrates with sucrose, have typically shown that they contain predominantly a-1,6 and a-1,3 linkages (Davis et al., 1986) and have a tree or comb-like, highly branched form (Long and Edwards, 1972) . Soluble glucans are predominantly a-1,6 linked (Sidebotham et al, 1971) , while insoluble glucans are predominantly a-1,3 linked (Guggenheim, 1970) . The presence of glucans in dental plaque (Critchley, 1969; Hotz et al., 1972) , has led to various preparations of glucanohydrolases, in particular, mutanase (a-1,3 glucan 3-glucanohydrolyse) and dextranase (a-1,6 glucan 6-glucanohydrolyse), being tested for their potential as chemical plaque control agents in vitro and in vivo (for review, see Simonson and Lambert, 1983; Inoue et al., 1990) . Furthermore, hydrolysis of glucans by these enzymes has supplied important structural information from analyses of the products of digestion (Bowen, 1968; Newbrun and Sharma, 1976; Freedman et al., 1978; Hare et al, 1978) .
The role of the surface in modulating the behavior of Gtf enzymes, and hence their products, has not been fully addressed and clearly could be of critical importance in modulating the formation and accumulation of dental plaque. Enzymatically active Gtf enzymes, secreted by streptococci, can be found in whole human saliva and also incorporated into the salivary pellicle, or biofilm, that is formed on tooth surfaces (R0lla et al, 1983; Scheie et al, 1986) . Glucans are formed on the pellicle and bacteria are accumulated, becoming dental plaque, which is involved in two common human diseases, dental caries and chronic inflammatory periodontal disease. For ease of discussion, glucans synthesized by Gtf found in saliva will be referred to as solution-formed, while glucans synthesized by Gtf incorporated into the pellicle will be referred to as surface-formed. In the present study, we have attempted to determine whether structural differences exist between glucans formed by Gtf enzymes in solution and glucans formed by enzyme adsorbed to a surface, in this case hydroxyapatite beads coated by ductal saliva which is free of Gtf. Results from earlier work have shown that Gtf incorporated into the salivary pellicle expresses enhanced enzymatic activity and that the pH and temperature optima of Gtf activity when adsorbed onto a surface can differ from those observed when it is in solution (Schilling and Bowen, 1988; Venkitaraman et al, 1995; Steinberg et al., 1996) . Data from in vitro studies using individual enzymes indicate that GtfC and GtfD activity is enhanced on the surface of a salivary pellicle, that is, salivacoated hydroxyapatite (Vacca-Smith et al, 1996a) . Glucan production by GtfB on saliva-coated hydroxyapatite is stimulated in the presence of starch hydrolysates, and some oral bacteria display enhanced adhesion activities for glucan made in the presence of starch (Vacca-Smith et al, 1996b) . It was speculated that a novel glucan is formed in the presence of starch hydrolysates which mediate changes in adhesion.
Although there have been many studies on the linkage analyses of both soluble and insoluble glucans, and also their diges-
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tion by the enzymes mutanase and dextranase, these studies have been performed on glucans synthesized in the solution phase only (Ebisu et al, 1974; Hare et al., 1978; Trautner et al, 1982; Davis et al, 1986) . Structural information for glucans formed on the surface is sparse. To determine whether there are structural differences among these glucans, linkage analyses, susceptibility to enzymatic degradation by mutanase and dextranase, and determinations of the products of the degradations were performed. Such information could help to define more clearly the role of glucans in plaque formation and possibly lead to development of specific inhibitors of glucan formation. Furthermore, this information could have impact for the study of biofilm formation on other surfaces in addition to the teeth.
Results

Hydrolysis of glucans by mutanase and dextranase
The susceptibility of glucans, synthesized in solution or on the surface of saliva coated hydroxyapatite, to the action of the glucanohydrolysases mutanase and dextranase was determined by measuring the reducing sugars released during digestion (Table I) . Included in Table I are results of the digestion of glucans synthesized by the three Gtfs combined.
In general, all of the glucans tested were resistant to complete breakdown by both mutanase and dextranase. For example, the most significant amount of degradation observed was with the GtfD glucans formed on the surface and digested with dextranase. Only 23% of the glucan was degraded in a 4 h incubation. The extent of digestion did not increase appreciably with longer incubation times, and mixture of the two glucanohydrolases caused only a slight increase in digestion (results not shown).
Based on the amount of reducing sugar released, GtfB glucans formed in solution were more susceptible to mutanase than the glucans formed on a surface. The reducing sugar released from solution phase glucan was 2.5x more than from surface-formed glucans; conversely, glucans formed on the surface were more susceptible to dextranase (Table I) .
The presence of starch hydrolysates during the formation of glucan affected susceptibility to both mutanase and dextranase. Digestion with dextranase released 2x the amount of reducing sugar as compared to glucan formed on the surface in the absence of starch hydrolysates. In contrast, the susceptibility of glucans, formed in the presence of starch hydrolysates, to mutanase was decreased when compared to glucans formed on the surface in the absence of starch hydrolysates (Table I) .
GtfC glucans formed on the surface were more susceptible than solution-formed glucans to both mutanase and dextranase. Following treatment with mutanase, 3x the amount of reducing sugar was released from surface-formed glucans as compared to solution-formed glucans. Dextranase treatment resulted in 2x the amount of reducing sugar to be released from surfaceformed glucans as compared to solution-formed glucans (Table I).
GtfD glucans were unaffected by mutanase. GtfD glucans formed on the surface were slightly more susceptible to dextranase treatment than solution-formed glucans, as seen in Table I .
Glucans synthesized by a mixture of all three enzymes were equally susceptible to mutanase regardless of whether they were formed in solution or on the surface. However, glucans formed in solution were more susceptible to dextranase than those formed on a surface.
Products of digestion
The products of digestion by mutanase and dextranase were investigated by incubating glucan with each enzyme for 18 h at 30°C. Insoluble material was removed by centrifugation, and the soluble products from each digestion were analyzed by HPLC-PAD. Comparison of the products of glucan formed in solution or on the surface showed that most of the products are identical, although in some cases additional products were found.
Investigation of the end products following mutanase digestion of GtfB and C glucans, made either in solution or on the surface, indicated that the major products were glucose and fructose (data not shown). A small amount of mannose was also detected from GtfC glucans made in solution. A trace of maltose was released from the GtfB glucan formed on the surface in the presence of starch hydrolysates (data not shown).
Glucose and isomaltose were the major products of dextranase digestion of GtfB, -C, and -D glucans made either in solution or on the surface (data not shown). A trace of isomaltotriose was found from GtfB glucans made in solution and GtfD glucans formed on the surface. Maltose was the major product detected after dextranase digestion of GtfB glucans formed in the presence of starch hydrolysates (data not shown).
Mutanase and dextranase that had been incubated with buffer, rather than glucan, were also analyzed by HPLC-PAD The data shown are the mean of at least three experiments expressed in micrograms; 400 u.g of glucan and 1.46 units of mutanase or 0.07 units of dextranase were used for each experiment. "Standard deviations are indicated in parentheses. c Below detectable levels. ""GtfB only. to observe peaks attributed to the enzymes. There were no peaks at any of the retention times of the products identified from glucans (data not shown).
Linkage analysis
Linkage analysis of GtfB glucans made in solution and on the surface show they were predominantly 1,3-linked glucans, with major branch points of 3,6-linked glucose and 2,3-linked glucose (see Table IT ). Surface-formed glucans contained greater amounts of 3-linked glucose and had more branch points than glucans formed in solution. In contrast, the major linkage of glucans formed on the surface in the presence of starch was 4-linked glucose. The major branch point was 3,4-linked glucose. Glucans formed on the surface in the presence of starch hydrolysates contained significantly higher amounts of 3-linked glucose as compared to 6-linked glucose. Glucans formed in solution and on the surface in the absence of starch also contained less 6-linked glucose than 3-linked; however, the differences were smaller (Table II) .
Linkage analysis of GtfC derived glucans (Table in) showed that glucans formed in solution had a major linkage of 6-linked glucose with small amounts of branch points (3,6-and 4,6-linked glucose); they had 23x as much 6-linked glucose as 3-linked glucose. In contrast, GtfC glucans made on the surface The values represent the ratios of the GC peak areas with terminal glucose set to 1.0. The derivatives of 4,6-and 2,6-linked Glc coelute on the SP2330 column used For the surface sample only the 4,6-linked Glc was detected at this retention time. The values represent the ratios of the GC peak areas with terminal glucose set to 1.0.
had 3-linked glucose as the major linkage, with branch points of 3,4-, 2,3-, 3,6-, and 4,6-linked glucose. There were no 2,3-or 3,4-linked branch points found in solution-formed glucans. Surface-formed glucans had much more 3-linked glucose as 6-linked, and also showed a small amount of 4-linked xylopyranose.
Linkage analysis of glucans synthesized with the GtfD enzyme (Table IV) showed surface and solution-formed glucans were predominantly 1,6-linked with a major branch point of 3,6-linked glucose and small amounts of 4,6-linked branch points. Surface-formed glucans contained more 6-linked glucose than solution-formed glucans and were more branched (Table IV) .
Linkage analysis was also performed on the glucans formed with the three Gtf enzymes combined (Table V) . Glucans formed in solution contained approximately equal amounts of 3-and 6-linked glucose and had a major branch point of 3,6-linked glucose. Surface-formed glucans were predominantly 6-linked; they contain ~3x as much 6-linked glucose as 3-linked glucose. The major branch point was 3,6-linked glucose and a small amount of 4-linked mannose was also detected.
Discussion
The results from linkage analyses and susceptibility to mutanase and dextranase digestion have led to our conclusion that adsorption of Gtf enzymes to a surface produces a glucan structure different from that produced from Gtf enzymes in solution. This may be the first demonstration of distinct products synthesized by the same enzyme under different physical conditions. It is known that properties of enzymes may be modified when they are adsorbed onto a surface. Enzymes such The values represent the ratios of the GC peak areas widi terminal glucose set to 1.0.
•The derivitives of 4,6-and 2,6-linked Glc coelute on the SP2330 column used.
as amylase (Ledingham and Hornby, 1969) , lactoperoxidase (Tenovuo and Kurkijarvi, 1981) , and galactosyltransferase (Demers and Wong, 1985) show distinct properties in the adsorbed state compared with their state in solution, but their products are unaffected. An important effect of altered glucan structure is the modification of binding sites for bacteria. For example, Schilling and Bowen (1992) showed that glucans promote the selective adherence of cariogenic streptococci which colonize human teeth. Some S.mutans and Actinomyces strains bound in higher numbers to glucan synthesized in the presence of starch hydrolysates (Steinberg et al, 1993; Vacca-Smith et al, 1996b) as compared to the same glucan synthesized in the absence of starch hydrolysates.
Comparison of the linkage analyses of GtfB glucans made on the surface in the presence and absence of starch hydrolysates showed very different structures. The major linkage of GtfB glucans made in the presence of starch hydrolysates was 1,4-linked glucose, while the absence of starch hydrolysates resulted in a major linkage of 1,3-linked glucose. This observation may be highly relevant for a study in vivo where humans consume a mixture of carbohydrates, and not sucrose alone. Collectively, the earlier binding studies and the linkage analyses show that different structure clearly offers distinct binding sites.
The results from linkage analyses and enzyme digestion are consistent with the data from other studies conducted on glucans formed in solution (Guggenheim, 1970; Ceska et al, 1972) . For example, it would be expected that susceptibility to mutanase would decrease with decreasing 1,3 linkages. Comparison of GtfB, -C, and -D glucans formed on the surface, and treated with mutanase, show that GtfC glucans were the most susceptible to mutanase and had the highest number of 1,3 linkages. Conversely, GtfD glucans were resistant to mutanase and had the fewest 1,3 linkages.
The products of hydrolysis by both mutanase and dextranase are also consistent with those from other investigations. Glucose and isomaltose were the soluble products of dextranase digestion of the insoluble glucan of S.mutans 6715 (Davis et al., 1986) . The major product of mutanase digestion of insoluble glucans was glucose. Minor products of fructose, mannose, nigerose, maltose, and isomaltose were also found (Newburn and Sharma, 1976) . Our data displays many of the same products and most are identical whether glucans were formed in solution or on the surface, although additional products were present in some cases. It is possible that the ratio of soluble to insoluble glucan is changed when the GtfC enzyme is adsorbed to saliva coated hydroxyapatite. If such a change occurred, it could affect die Km of the glucanohydrolases. However, we have no evidence that this indeed occurred and in addition we have not relied solely on the susceptibility to glucanohydrolases to demonstrate differences in structure. Our data from linkage analysis clearly show that there are distinct differences in the structure of glucan formed by the GtfC enzyme on a surface compared with that synthesized in solution.
GtfB, -C, and -D enzymes have different affinities for surfaces (Vacca-Smith and Bowen, 1996) . It has been demonstrated that GtfC and D activities are highly enhanced on the surface of saliva-coated hydroxyapatite, and are greater than those of the enzymes in solution (Vacca-Smith et aL, 1996a) . It is probable that GtfC may be the glucosyltransferase that is preferentially adsorbed onto tooth surfaces in vivo (VaccaSmith et al., 1996a) . It was also hypothesized that the presence of small hydrophobic domains in the direct repeat units at the C-terminus of the GtfC enzyme may be responsible for a selective adsorption of the enzyme out of saliva and onto the hydroxyapatite surface (Vacca-Smith et ai, 1996a) . A recent study by Vickerman et al. (1996) has emphasized the importance of the role of the direct repeats in Gtf from S.gordonii Gtf. Deletion of 14 C-terminal amino acids, which included two hydrophobic residues, resulted in significantly decreased binding of biotin-dextran by Gtf fixed to microtiter plates. This suggests that the deletion may have caused a decrease in Gtf binding, although the Gtf activity was not significantly decreased. This data lends support to the concept that GtfC may be selectively adsorbed to surfaces, and that its activity appears to be the most affected by adsorption to the surface.
Chemical analyses of GtfB insoluble glucans have shown that these glucans appear to be a part of the matrix of dental plaque (Hotz et al, 1972) . When these glucans are formed on a surface, in the presence of starch, binding of bacteria is enhanced (Vacca-Smith et al, 1996b) . This enhancement is not seen using GtfC or -D. It is possible that this enhancement could contribute to the accumulation of plaque on the tooth surface. Linkage analysis of human plaque (results not shown) showed only one major linkage, 1,4-linked glucose, substantiating the concept that there is a starch hydrolysate contribution to the formation of dental plaque. Sucrose and starch are often ingested together by humans, and it has been shown that a combination of sucrose and starch is more cariogenic than either alone (Firestone et al, 1982) .
Collectively, the data presented here suggest that adsorption of Gtf enzymes to a surface produces a distinct glucan structure. The differences are due to linkage composition and the arrangement of linkages. These alterations in structure offer bacteria distinct binding sites, which may have implications for other scientific disciplines studying naturally occurring microbial films, many of which contain polysaccharides that mediate adhesion of bacteria to surfaces.
Materials and methods
Enzymes
Glucosyltransferase enzymes were prepared from constructs of Streptococcus milleri (Fukushima et al., 1992) , which were gifts from Dr. H. K. Kuramitsu, SUNY, Buffalo, NY. These constructs contain the individual gtf B, -C, and -D genes from S.mutans (Aoki et al, 1986; Hanada and Kuramitsu, 1988, 1989) which had been transformed into S.milleri. S.milleri was chosen because it is a noncariogenic oral streptococcus that does not synthesize extracellular glucans. The strains used were S.milleri KSB8, which contains the gene for glucosyltransferase B (insoluble glucans), S.milleri KSC43, which has the gene for glucosyltransferase C (both insoluble and soluble glucans), and S.milleri NH5, containing the gene for glucosyltransferase D (soluble glucans). The culture conditions and purification of the enzyme were described previously (Venkitaraman et al, 1995) . Purification of GtfB yielded 1.16 mg protein/ml, GtfC 0.32 mg protein/ml, and GtfD 0.93 mg protein/ml. When mixing the three enzymes, the specific activity (the amount of enzyme that incorporated 1 u.mol of glucose into glucan per minute) of each was determined and equal amounts of activity were used.
Mutanase, or a-1,3 glucanase (EC 3.2.1.59), was produced from Trichoderma harzianum culture supematants. Dextranase, or a-1,6 glucanase (EC 3.2.1.11), was produced from PeniciUixun aculeatum. Briefly, spores from either fungus were used to inoculate cultures containing the minimal salts medium of Mandels et aL (1962) with the addition of 1% raffmose (Quivey and Kriger, 1993) . After approximately 4 days growth, the culture was filtered and the filtrate was concentrated and partially purified by column chromatography (Quivey and Kriger, unpublished results). The filtrate, and then active fractions, were run successively over columns of hydroxyapatite, octyl sepharose, and Sephacryl HR 100. For production of dextranase, Bio-gel A 0 jm was substituted for Sephacryl HR 100 as the third column in the series. The unit of activity of the glucanases is defined as the amount of enzyme that liberates 1 u.mol of reducing sugar per minute under standard conditions.
Preparation of glucans
Glucans were prepared from ail three enzymes (GtfB, -C, and -D) in both the solution phase and on saliva coated hydroxyapatite beads. For synthesis in the solution phase, each Gtf (1 u.g of protein) was mixed with sucrose substrate (100 mM sucrose, 20 pjn dextran in 20 mM imidazole buffer, pH 6.5), and incubated at 37°C for 18 h to allow glucan to form. GtfB glucans (insoluble) were collected by centrifugation and washed extensively with dH 2 O. GtfD glucans (soluble) were precipitated with ethanol (final concentration of 70%) for 18 h at -20°C. The glucans were collected by centrifugation and washed three times with ethanol. GtfC insoluble glucans were removed by centrifugation, and the supernatant, containing the soluble portion of the glucans, was precipitated as above, and washed extensively with either dH 2 O or ethanol. All of the glucans were then dried in a Speed Vac concentrator (Savant Instruments, Inc., Farmmgdale, NY).
Glucan was formed on the surface of hydroxyapatite using methods similar to those described by Schilling and Bowen (1988) . Ten milligrams of hydroxyapante beads (Integrated Separation Systems, Hyde Park, MA; surface area 0.24 m 2 ; particle size 60-100 ujn) were exposed to 0.5 ml parotid saliva collected directly from the ducts (undiluted) for 1 h at 37°C. Previous studies in our laboratory determined that this volume of saliva was sufficient to saturate the beads After the beads were washed with adsorption buffer (50 mmol/1 KC1, 0.65 mmol/1 KH 2 PO 4 , 0.35 mmol/1 K 2 HPO 4 , 1.0 mmol/1 CaCl 2 , 0.1 mmol/1 MgCl 2 , pH 6.5), 1 u.g of GTF (in urudazole buffer containing 25 mmol/1 imidazole, 100 mmol/L NaCl, 1 mmol/1 phenylmethylsulfonyl fluoride, 0.02% sodium azide, pH 6.5) was added and me enzyme was allowed to adsorb for 1 h at 37°C. The unadsorbed material was removed by washing with adsorption buffer. Sucrose substrate (100 mmol/1 sucrose, 20 u,m dextran m 20 mM imidazole buffer, pH 6.5) was added, and the beads were incubated for 18 h at 37°C. In some experiments, after adsorption of Gtf, the saliva-coated beads were incubated with 1% soluble starch in 10 mmol/1 calcium chloride for 2 h at 37°C to form starch hydrolysates. Production of glucan by the GtfC and -D enzymes was unaffected by the presence of starch hydrolysates, however, GtfB glucan production was enhanced (Vacca-Smith et al, 1996b) . Sucrose substrate was added, there was no wash step. For glucans formed using GtfB, the hydroxyapatite beads, with their adsorbed glucan, were washed four times with adsorption buffer, and then dissolved by incubation at 4°C for at least 24 h in 0.1 M EDTA. The glucans were collected by centrifugation and washed extensively with dH 2 O. Glucans formed using GtfD were released from hydroxyapatite beads by sonication for 10 s (Braun-Sonic 1510), and then precipitated with ethanol for 18 h at -20°C. Hydroxyapatite beads coated with GtfC glucans were washed four times with adsorption buffer and dissolved as above with 0.1 M EDTA. The insoluble portion of the glucans were collected by centrifugation, and the soluble portion of glucans in the supernatant were precipitated by ethanol as above. All glucans were dried in a Speed Vac concentrator. Total carbohydrate was determined using the phenol/sulfuric acid method of Dubois et al (1956) .
Enzymatic digestion of glucans
Glucans were dissolved or suspended in 0.1 M sodium acetate buffer, pH 5.5. Insoluble glucans were sonicated (4 x 10 s) to form a fine suspension. Four hundred micrograms of each glucan was incubated for either 4 or 18 h at 30°C with saturating amounts of enzyme (1.46 units of mutanase, 0.07 units of dextranase) in digests (0.3 ml) in 0.1 M sodium acetate buffer, pH 5.5. The amount of reducing sugar released from the glucan was determined using the method of Somogyi (1945) . Insoluble material was removed by centrifugation, and the soluble products were separated by HPLC-PAD.
A control experiment was performed to check the potential interference of EDTA on mutanase and dextranase activity. EDTA, as used in the present study, did not interfere with mutanase or dextranase. Of the products tested, none was susceptible to amylase. An additional experiment was carried out to determine whether starch was trapped by the GtfB glucans formed on the surface in the presence of starch hydrolysates. Amylase was incubated with glucans formed in the presence and absence of starch hydrolysates; reducing sugar was not detected.
Carbohydrate analyses
The soluble products of mutanase and dextranase hydrolysis were dried in a Speed Vac concentrator and resuspended in dH 2 O. The products were analyzed by anion-exchange chromatography with pulsed amperometric detection as described by Hardy et aL (1988) with minor modifications. The apparatus used consisted of a Waters 625LC gradient controller and pump and an EG&G model 400 electrochemical detector equipped with a gold working electrode. Monosaccharides were separated on a Dionex CarboPak PA 100 column (4 x 250 mm) equipped with a CarboPak PA guard column (3 x 25 mm). The column was eluted isocratically for 15 min with 93% eluant A, Milh'-Q water, 7% eluant B (50 mmol/1 NaOH, 1.5 mmol/1 acetic acid) using a flow rate of 0.8 ml/min at room temperature. A linear gradient to 200 mmol/1 NaOH, 1.5 mmol/1 acetic acid (100% eluant C) in 10 min was generated and isocraa'c elution continued for 20 min. The column was washed for 5 min with 300 mmol/1 NaOH between runs. A postcolumn effluent of 300 mmol/1 NaOH was applied to the eluant at a rate of 1.0 ml/min using a Zero Pulse pump (Lazar Research Labs) under nitrogen pressure. The following pulse potentials were used:E, = 0.05 V (t, = 367 ms);^ = 0.80V(t 2 = 167 ms); and E 3 = -0.60 V (t 3 = 416 ms). Chromatographic data were integrated and plotted using a Waters 746 data module-integrator.
Linkage analysis
Prior to methylation, the glucans were dissolved in dimethyl sulfoxide (DMSO). GtfB and -C glucans were only partially soluble in DMSO, however, 36 h of sonication resulted in nearly complete solubilization. Centrifugation removed a small amount of insoluble material. For glycosyl linkage analysis, the samples were methylated by the method of Hakomori (1964) followed by combined gas chromatography/mass spectrometry (GOMS) analysis as described by York et al (1985) . Briefly, after dissolving the samples in DMSO, 0.4 ml of potassium carbanion (2.0 M) was added to each sample, and they were sonicated for 30 min. After 16 h at room temperature (no sonication), excess methyl iodide (0.7 ml) was added and incubation continued for 6 h. The resulting permethylated samples were then hydrolyzed using 2 M trifluoroacetic acid (3 h at 100°C). The glycosyl residues were reduced with NaBD 4 , and then acetylated using acetic anhydride/pyridine. The resulting partially methylated alditol acetates were analyzed on a 30-meter Supelco 2330 fused silica capillary column by GC/MS using a Hewlett Packard 5890 GC equipped with a 5970 MSD (mass selective detector, electron impact).
